A B S T R A C T Volume analysis
INTRODUCTION
The mononuclear phagocyte system includes bone marrow promonocytes, circulating blood monocytes, and tissue macrophages. The spectrum of functions attributable to mononuclear phagocytes has broadened markedly, and there is increasing evidence that these cells are metabolically, physically, and functionally heterogeneous (1) . In this context, it is reasonable to hypothesize that the mononuclear phagocyte system contains unrecognized subpopulations of cells that are functionally distinct. Experiments (MNL) l that contained lymphocytes and monocytes obtained by centrifugation of heparinized blood over Ficoll-Hypaque (Pharmacia Fine Chemicals, Inc., Piscataway, N. J.) (2) were suspended in RPMI-1640 medium (Grand Island Biological Co., Grand Island, N. Y.) that contained 20% human AB serum at a concentration of 3-5 x 106 cells/ml. 5 ml of this suspension was placed in flasks (No. 3014 Falcon Labware, Div. of Becton, Dickinson & Co., Oxnard, Calif.), gassed with 5% CO2 in air, and centrifuged (5 min at 60 g) onto the 25-Cm2 plastic surface. After incubation for 30 min at 37°C, nonadherent cells were removed by vigorously washing (four times) with warm Hanks' balanced salt solution (HBSS). Adherent cells then were removed by incubation for 10-20 min in RPMI-1640 medium that contained 20% fetal calfserum (FCS) and 0.4% lidocaine (Elkins-Sinn, Inc., Cherry Hill, N. J.) followed by gentle squirting. Cells were washed once, counted, and resuspended in HBSS for analysis. Cell populations obtained in this manner were >90% viable and con-'Abbreviations used in this paper: FCS, fetal calf serum; HBSS, Hanks' balanced salt solution; MNL, mononuclear leukocytes. tained 89±5% monocytes by nonspecific esterase staining (3) . Phagocytosis of opsonized yeast or staphylococci was used as an additional monocyte marker in initial experiments and correlated closely with nonspecific esterase staining. Fewer than 5% granulocytes were present by morphologic examination (Wright's stain), and B cells never exceeded 6% as determined by fluorescent staining for membrane immunoglobulin. This method isolated virtually all monocytes that were present in MNL, because <2% of nonadherent cells were monocytes by nonspecific esterase staining, Wright's stain morphology, and readherence to plastic.
Monocyte volume analysis. Volume analyses were performed on purified monocytes with a multiparameter cell sorter/analyzer built according to the design of Steincamp et al. (4) . Before analysis, monocytes were gently flushed through 25-gauge needles and observed microscopically to insure that only single cells were analyzed. Dilute suspensions of monocytes (5 x 105/ml in 2 ml) were incubated for 10 min in fluorescein diacetate (12 ug/ml in HBSS) and filtered through a 40-,um nylon mesh before analysis. Volume analyses were gated on fluorescence to insure that only viable nucleated cells were analyzed (5) . Cell numbers were recorded over 200 cell volume channels. Each volume analysis was calibrated with 10-gm diameter latex beads (10-,um standard bright fluorespheres; Coulter Electronics, Inc., Hialeah, Fla.
Separation of monocyte subpopulations. Two new methods were developed for separating monocyte subpopulations. The first was based upon the hypothesis that volumetrically defined monocyte subpopulations would differ in their ability to incorporate carbonyl iron particles. Total mononuclear cells were suspended in 5 ml of RPMI-1640 at a concentration of 10 x 106/ml and combined with 10 ml of RPMI-1640 that contained 25% FCS and 0.5% carbonyl iron (iron powder SF special 11-63771, lot 64; GAF Corp., New York) (6) . After incubating on a rotor at 37°C for 15 min, iron-laden cells and excess iron were completely removed by passing the suspension over a magnet followed by centrifugation over Ficoll-Hypaque (specific gravity 1.077) at 200 g for 15 min. Iron-free MNL containing residual monocytes were harvested, and iron-laden cells were discarded. Monocytes in this iron-free MNL preparation were either assayed directly for chemotactic activity or were analyzed volumetrically after purification by adherence. Purified adherent cells were 76±10% (10 donors) nonspecific esterase positive.
The second method was based upon the observation that aggregates that contained monocytes formed when MNL were incubated with thrombin in the presence of platelets (7) . MNL, prepared from heparinized blood by centrifugation over Ficoll-Hypaque, were suspended in HBSS that contained 0.5% FCS at a concentration of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Monocyte chemotaxis. The chemotactic activity of whole MNL was compared with that of MNL that contained selected monocyte subpopulations. MNL were tested instead of purified monocytes to minimize manipulations that might differentially affect monocyte subpopulations. With the exception of the iron depletion method, in which whole MNL were not exposed to iron, all cell populations were subjected to exactly the same experimental manipulations. Volume analyses were performed on monocytes purified by adherence from each MNL preparation to corroborate successful enrichment for monocyte subpopulations.
Monocyte chemotaxis was assayed by the agarose method as previously reported (8) . Briefly, 35-mm petri dishes that contained 0.75% electrophoresis-grade agarose (Fisher Scientific Co.) in medium 199 with 10% FCS were prepared, and three wells (4-mm Diam) were punched 2 mm apart. Unfractionated MNL or MNL enriched for monocyte subpopulations by iron depletion or thrombin aggregation were suspended in medium 199 with 10% FCS and the proportion of monocytes in each preparation was assessed by morphology (Wright's stain) and nonspecific esterase staining. The percentage of monocytes in each preparation was equalized by adding autologous iron-depleted nonadherent lymphocytes (>98% lymphocytes by Wright's and nonspecific esterase staining), and 105 monocytes in 10 ,ul were added to central wells of triplicate plates. 10 ,ul of zymosan-activated human serum was added to the left well as the chemoattractant, and 10 ,ul of normal saline was added to the right well as the control. After incubating plates for 16 h at 37°C in an humidified environment that contained 5% CO2 in air, the number of cells migrating toward the chemoattractant and the control was determined by using a 5 x 5-mm microscope eyepiece grid to count cells between central and lateral wells. The mean± 1 SD of specifically migrating cells (number toward chemoattractant minus number toward control) was calculated for triplicate plates.
RESULTS
Identification of monocyte subpopulations. Representative cell volume distributions of purified monocytes from four healthy adults are shown in Fig. 1 . Two major peaks of large and small cells were readily apparent. However, computer analysis with optimal Gaussian curve fitting required a third peak between the two major peaks. Hence represented by three rather than two Gaussian distributions because three always gave the best fit by chi-square analysis; distribution parameters were optimized with a PDP 11/10 minicomputer using a nonlinear least-squares algorithm; areas under volume peaks were computed using these parameters.
in the adherent cell preparations; therefore., monocytes were abundant in each peak. For individuals of age 20-50 yr, there were no sex-related differences in monocyte volume distributions. Our data for a few healthy individuals of different age groups (Table I) suggested that their monocyte volume distributions were similar to the 20-50-yr group.
To determine if these subpopulations of monocytes were reproducibly present, we performed multiple analyses on several normal individuals. Monocyte subpopulations were consistently present for periods (Fig. 2) . Variable numbers of M2 cells were present, but M3 cells were virtually ahsent. Incorporation ofcarbonyl iron by M3 moniocytes could be abrogated by performing the incubation at 4°C or in the presence of 1 mM N-ethylmaleimide, which prevents phagocytosis (9) . This suggested that the differential ability of monocyte subpopulations to incorporate carbonyl iron involved phagocytic diversity rather than a simple difference in surface area and binding properties.
A second method was developed with thrombin, which provided M1 + M2 and M3 subpopulations. Incubation of MNL with thrombin in the presence of platelets caused the formation of aggregates that contained monocytes that were readily pelleted by centrifugation (7) . Volume analysis of adherent monocytes frbm both the pellets and supernates demonstrated that the supernatant cells (69+ ±19% nonspecific esterase positive) contained predominantly Ml + M2 (.80%) monocytes, whereas those in the pellet (93±+2% nonspecific esterase positive) were M3 monocytes (.90%) (Fig. 3 Although it was clear that adherent Ml, M2, and M3 cells were indeed monocytes, it was conceivable that volumetric differences could be an artifactual effect of isolation and purification procedures rather than a true characteristic of monocyte subpopulations. However, extensive volume analysis of buffy-coat leukocytes, MNL, and cells obtained at each step ofthe purification process indicated that Ml, M2, and M3 monocytes were normally present in blood and that purification procedures neither created nor appreciably altered these volume differences (data not shown). These findings strongly supported the existence of volumetrically definable monocyte subpopulations.
Having identified volumetric subpopulations of monocytes, we sought functional differences among them. Chemotaxis assays comparing iron-depleted monocytes to total monocytes demonstrated that MI + M2 monocytes were less active than total monocytes. Similar experiments using thrombin-purified fractions confirmed these results and localized essentially all of the chemotactic activity in the M3 subpopulation. In addition, preliminary experiments that used an adaptation ofthe agarose plate method in which migrating monocytes could be harvested and analyzed volumetrically indicated that the chemotactically active cells among whole MNL were >90% M3 monocytes (data not shown). These experiments provided clear evidence that volumetrically-defined monocyte subpopulations have markedly different functional capabilities. Although the effect ofcell size on chemotaxis is unknown, it is unlikely that the 10-fold difference between MI + M2 and M3 monocytes can be attributed to size difference because there is less than a threefold difference in cell volume and less than a twofold difference in surface area.
Others have recently observed volumetric subpopulations of human monocytes and murine mononuclear phagocytes. Norris et al. (10) fractionated human MNL by elutriation and found a population of small peroxidase-positive and phagocytic cells in predominantly lymphocyte fractions. These cells were found to be relatively deficient in antibody-dependent cellular cytotoxicity compared to purified large monocytes. Breard et al. (11) identified two populations of human monocytes with a monocyte specific heteroantiserum that differed in size. Lee and Berry (12) used velocity sedimentation to fractionate Cortnlebacteriunin parvuiinuinduced mouse peritoneal mononuclear phagocytes into small, medium, and large populations. Small and medium cells functioned as accessory cells during in vitro generation of antibody to sheep erythrocytes but were not cytotoxic for tumor cells. Conversely, the large cells were cytotoxic and either suppressed or were unable to serve as accessory cells in the antibody response.
The demonstration of volumetrically distinct and functionally different populations of human monocytes is consistent with the hypothesis that the mononuclear phagocyte system is composed of identifiable subsets with discrete functions. However, neither our data nor that of others elucidates whether these functionally diverse subpopulations represent cells following independent pathways of differentiation analogous to T and B lymphocytes, or whether they represent transient but functionally discrete steps in a continuous difMonioci te Heterogenteity ferentiation sequence. The ontogeny and additional functional characteristics of monocyte subpopulations must now be determined.
In summary, we have demonstrated that cell volume differences provide a means of identifying and quantitating subpopulations of human blood monocytes that are functionally distinct. Additional studies of these subpopulations may stubstantially enhance our understanding of the mononuclear phagocyte system and its complex role in the host defenses of man.
